Studies of palaeodirections and palaeointensities were carried out on andesite lavas from the older part of the late Quaternary Ontake Volcano, Japan. Recently published K-Ar ages of the Older Ontake lavas range from 740 to 393 Ka. Palaeomagnetic samples were collected at 24 sites which are either of the same locality or nearby the dating site. Determination of palaeodirections was straightforward at most of the sites. Exceptions are a few sites in which the site mean palaeodirections were obtained only by the great circle method due to large secondary components, possibly lightning strikes in origin. The obtained VGP angular dispersion of 14.3
I N T RO D U C T I O N
Study of palaeosecular variation (PSV) from lavas has long contributed to obtaining an insight to the temporal and statistical properties of the geodynamo (Merrill et al. 1996 ). An axial dipole field configuration with possible small non-dipole terms is suggested for the time-averaged palaeomagnetic field (e.g. Johnson & Constable 1995; Hatakeyama & Kono 2002) , but analysis of the full vector with palaeointensity data is rare due to their paucity (Kono et al. 2000) . Persistent features of the palaeomagnetic field such as the Pacific Non-dipole Low (e.g. Shibuya et al. 1995; Johnson & Constable 1998) and longitudinally heterogeneous PSV models (e.g. Tsunakawa 1988; Constable & Johnson 1999 ) are longstanding issues. Stringent reappraisal of the palaeointensity data proposes that the dipole moment was much weaker for most of the geological time than the recent period of 0-0.03 Ma (e.g. Selkin & Tauxe 2000) . This issue, however, is not reconciled yet (e.g. Heller et al. 2003) . Hence, accumulation of reliable palaeointensities from various sources are essential for a better understanding of the past geomagnetic field. This paper aims to offer contributions to both dating site. Sample collection was made by a portable drill and the core orientation was marked by a sun/magnetic compass. The sun azimuth was used at 10 sites where the sun was available during orientation. In some sites where the sun was used, all cores were not necessarily oriented by the sun due to its disappearance in the course of orientation work. In the result 60 cores out of 198 were oriented with the sun. However, the difference of sun and magnetic azimuths were usually less than 6
• except for a few cores in which the azimuth difference amounted to 8
• -12
• . Even for such cases, the site average of the azimuth differences was mostly less than 4
• . The orientation errors of this level are not much different from those observed in the dacitic volcanic field (Tanaka et al. 2004) .
PA L A E O D I R E C T I O N S
Two pilot samples were taken from six to ten cores usually sampled at each site. One of the pilot samples was fully demagnetized by progressive alternating field demagnetization (AFD) and another by progressive thermal demagnetization (THD). When the demagnetization was straightforward, the progressive AFD was stopped at 20-50 mT for the rest of the samples, ascertaining that the remanence vector goes to the origin. For the problem site with very large secondary components, all samples were treated by full steps of AFD.
Three examples of orthogonal plots of AFD and THD are shown in Fig. 1 . A single component is easily determined in (a) and it will be later shown that this flow gave successful palaeointensities. A large secondary component is recognized in (b) where most of it is removed at 5 mT step but the characteristic remanence is only recovered after 35 mT. In (c) a reversed remanence direction might be concluded in the orthogonal plot, but most of the remanence is actually a very large secondary component which is known from the equal area plot in which the remanence direction moves along a great circle. For most sites behaviours of remanences to AFD and THD are usually somewhere between (a) and (b). There are seven sites in which large secondary components hindered linear analysis of the orthogonal plot for some samples. However, the site mean palaeodirections were successfully obtained by the combined analysis of linear components and remagnetization circles of McFadden & McElhinny (1988) . Table 1 summarizes site mean palaeodirections together with site localities and K-Ar ages. The site locality of OT67 is only 250 m apart from that of OT66 which is the dating site. The difference angle between the two site mean palaeodirections is 14.5
• . Application of the statistical test by McFadden & Lowes (1981) suggests rejecting the common means of OT66 and OT67. Hence, we treated these two sites separately. The age of OT67 is unknown but it is obviously one of the Older Ontake lavas. OT69 and OT70 are very close to each other with a distance of 80 m. The statistical test again suggests rejecting the common means of these two sites. However, the result is quite marginal and we decided to combine the results of these two sites, considering that the difference angle of 7.7
• between the two means, mostly in declination, could arise because the sun azimuth was not available at both sites (Tanaka et al. 2004) . This is also justified by concordant palaeointensities successfully obtained from the two sites.
An equal area plot of virtual geomagnetic pole (VGP) for 23 sites is shown in Fig. 2(a) . Location of the mean VGP is (81.0
• N, 308.4
• E) which shows far-sidedness although this might be caused by an insufficient number of sites (23). The angular standard deviation (ASD) of the VGP around the mean is 14.3
• with upper and lower 95 per cent confidence values of 18.0
• and 11.8
• , respectively. One VGP comes to a rather low latitude of 50.0
• N, but this was included to the calculation as the cut off latitude of 45
• N was adopted.
PA L A E O I N T E N S I T I E S

Sample selection
Samples for palaeointensity experiments were selected based on total quality in remanence stability and rock magnetic features. The former includes a general smallness of secondary component of natural remanent magnetization (NRM), and high stability to both AFD and THD. The latter includes small differences of heating and cooling curves in temperature variation of saturation magnetization (J S -T) and magnetic susceptibility (χ-T), and single domain (SD) to pseudo-SD (PSD) nature in the magnetic hysteresis parameters. Measurements of J S -T were made by a vibration sample magnetometer (Princeton Micromag 3900) in helium atmosphere while those of χ-T were made by a susceptibility-temperature system (Bartington MS2) in air. J S -T and χ -T curves are roughly classified to three groups based on the difference in J S or χ and the Curie points between the heating and cooling runs. For the difference of J S or χ, class A, B and C are less than 15 per cent, 15-30 per cent, and more than 30 per cent, respectively. For the difference of Curie points, class A, B and C are less than 20, 20-40
• C and more than 40 • C. Three examples for each class are shown in Fig. 3 in which solid and dotted curves indicate measurements of heating and cooling, respectively. Correlations of the behaviour of J S -T curves to those of χ -T curves are not high. Samples from OT48 and OT55 gave J S -T curves of the best rank while those χ-T curves from the same flows are worst ranked. Quality of the two curves are vice versa Kioka et al. (1998) ; Inc, Dec., α 95 and N are inclination and declination of the site mean direction, its 95 per cent confidence circle, and number of samples; Plat and Plon are latitude and longitude of VGP;J n and J n are mean NRM intensity and its standard deviation. * The site statistics was obtained by the method of McFadden & McElhinny (1988) . for OT57. As features of these J S -T and χ-T curves vary from specimen to specimen, it is difficult to obtain the general rule for sample selection. Nevertheless, as will be seen later, samples with the best χ-T curve gave a high success rate in the palaeointensity experiments. It is concluded that χ-T measurement is more useful than J S -T measurements for sample selection in palaeointensity experiments. Representative magnetic hysteresis curves in which the slope is corrected for the effect of paramagnetism are shown in Figs 4(a)-(e) and all measurements are summarized on the Day plot (Day et al. 1977 ) with log-log scale in Fig. 4 (f). The maximum field applied was 1 T and the hysteresis parameters are tabled in each figure of (a)-(e) where the units are A m 2 kg −1 for Ms and Mrs and mT for Hc and Hcr. In the Day plot (f), small alphabets a-e correspond to those of the hysteresis curves (a)-(e). Large open and solid circles indicate those from the flows which were successful and unsuccessful in the palaeointensity experiments, respectively. Within-flow success rate was, as will be shown later, over 80 per cent for the successful flows while it was 0 per cent for the unsuccessful flows. Small solid circles indicate those from the flows which were not used in the Correlations in the quality of J S -T and χ-T curves are not high for some samples, and their features vary from specimen to specimen. Samples with the best χ -T curves gave high success rate in the palaeointensity experiments. experiments from the beginning. It is easily seen that there is a general correlation of the experimental success to the hysteresis parameters closer to the SD nature. Nevertheless, it is difficult to set a fixed rule for sample selection solely based on the hysteresis parameters.
Thellier's experiments
The experimental procedure used in this study is Coe's modification (Coe et al. 1978) of the Thellier method (Thellier & Thellier 1959) . A test of partial thermoremanent magnetization (pTRM) was made at every other step. The reason not practicing the pTRM test for all steps is to subdue the rock magnetic changes caused by heating to minimum rather than to save experimental time. For the same reason it was omitted to repeat the zero-field steps to detect the multidomain (MD) tail of the pTRM (Riisager & Riisager 2001) . Experiments were carried out in two series. The first experiment included 26 specimens from six flows. In the second experiment, those flows which gave unsuccessful results in the first run were omitted and another 28 specimens with increased numbers for promising flows were used. For 12 samples from various sites used in the first experiment, AFD of 20 mT was involved for every step but there was no case in which the result was improved. Throughout the experiments, heating was made under vacuum of 3-5 Pa.
The experimental results were analysed on the Arai plot (Nagata et al. 1963) , taking various quality parameters into account (Coe et al. 1978; Selkin & Tauxe 2000; Kissel & Laj 2004) . Acceptance criteria for a successful result used in this study are more or less similar to those by Kissel & Laj (2004) ; (1) the linear segment should includes at least four points with a correlation coefficient −r larger than 0.99 and a NRM fraction f larger than 0.35, (2) pTRM test is positive which is judged by a PTRM difference normalized by the length of the linear segment (DRAT) smaller than 7 per cent and its accumulation over the selected temperature interval (CDRAT) smaller than 10 per cent and (3) maximum angular deviation (MAD) of the NRM vector component corresponding to the selected linear segment is less than 7
• and reasonably decreases towards the origin on the orthogonal plot, which is judged by a difference angle α smaller than 10
• and a deviation, dev, of Tanaka & Kobayashi (2003) less than 10 per cent. In addition to these criteria, subjective judgment was sometimes applied to problematic Arai plots such as curved diagram, and discussion will be given later to each of these cases.
Representative Arai plots of successful results are shown in Fig. 5 . Two results which were subjected to different laboratory fields are shown for each of three successful flows.
Arai plots with low slopes as shown in Fig. 5(a) were obtained from 500 Ka OT57 in the first experiment, which was made in the laboratory field of 40 μT. In the second experiment, the laboratory field was reduced to 20 μT, and small palaeointensities, which agree well with those from the first experiment, were obtained, an example of which is shown in Fig. 5(b) . Site OT57 is a glassy part from the lava flow with predominantly SD nature and, as already stated in Section 4.1, the χ-T curves were ranked as class A. Although the J S -T curves shown in Fig. 3 were class C level, the curves of heating and cooling were actually repeatable when the temperatures are under 400
• C. As the linear segments in the Arai plots were taken from the steps under 400
• C, effect of change in J S should be negligible. Hence, the flow mean palaeointensity of 21.3 ± 2.1 μT with a high success rate of 11/13 should be very reliable.
In the experiment of OT57-3-2 (a), AFD of 20 mT was involved for every step. As already stated, treatment of AFD applied to some samples from various sites in the first experiment was not especially effective. Two examples from another successful flow of 635 Ka OT66 are shown in Fig. 5(c) and (d) . The success rate of this flow was 100 per cent of 6/6, and this is understandable from the hysteresis parameters which are closest to SD nature except OT57. Interestingly, the level of χ-T and J S -T curves are both class B as shown in Fig. 3 .
Figs 5(e) and (f) show examples from OT69 and OT70, respectively. As mentioned in Section 3, site locations of these two sites are only 80 m apart and we judged they are the same flow. The age of the flow is 393 Ka which was obtained only from the former. Being equivalent flows is also justified from the similar values of palaeointensity obtained from these two sites. The success rate was high (8/10), and this is probably related to the class A χ-T curves although the hysteresis parameters are not necessarily close to the SD nature.
Four examples of rejected Arai plots are shown in Fig. 6 . OT48-8-2 shown in (a) is characterized by an initial large drop of NRM under 390
• C which is not accompanied by appropriate acquisition of TRM. If the initial drop of NRM is interpreted by presence of large viscous remanent magnetization (VRM), the linear segment from 390 to 530
• C is looked upon as a successful result as far as the moderate acceptance criteria used in this study are applied. Fig. 6(b) shows an Arai plot from OT51-9-2 which is very similar to the one from OT48-8-2. In the orthogonal plot of NRM steps shown in the inset of Fig. 6(b) , it is clearly seen that production of chemical remanent magnetization (CRM) due to alteration starts at as low as 250
• C. The reason of no indication of CRM in OT48-8-2 (a) is probably due to small angle difference between the directions of NRM and the laboratory field, and this problem was first pointed out by Coe et al. (1984) and confirmed by several recent studies (e.g. Goguitchaichvili et al. 1999; Calvo et al. 2002; Mochizuki et al. 2004) .
Two other rejected Arai plots are shown in Figs 6(c) and (d), in which pTRM test was positive over the selected temperature interval for both samples. In (c), however, the NRM component does not OT69,70 393 ± 6 8/10 53.1 ± 6.2 10.2 ± 1.2 9.7 ± 1.1 OT57 500 ± 20 11/13 21.3 ± 2.1 4.6 ± 0.5 3.9 ± 0.4 OT66 635 ± 10 6/6 40.4 ± 3.1 7.8 ± 0.6 7.3 ± 0.6
Note: N/N0, numbers of successful/total samples; F, simple average of sample palaeointensities and its standard deviation.
decrease towards the origin in the orthogonal plot with α = 14
• and dev =16 per cent. In (d), DRAT was less than 7 per cent for pTRM tests but CDRAT amounts to 14.8 per cent which exceeds the criterion of 10 per cent. Site mean palaeointensities and successful specimen results are summarized in Table 2 and Appendix A, respectively.
D I S C U S S I O N
The mean VGP position of (81.0
• N, 308.3 • E) with α 95 = 5.5
• obtained in this study might indicate the far-sided effect from the site location of (35.9
• N, 137.5
• E), but this is probably due to an insufficient number of sites to represent the palaeosecular variation. Nevertheless, a total of 238 data points from Japan during the Brunhes Chron show a small far-sided effect as shown in Fig. 2(b) . Flow mean palaeodirections from Japan were retrieved from the palaeosecular variation database by McElhinny & McFadden (1997) and new data were added from Fujii et al. (2001) , Tanaka & Kobayashi (2003) , and those in this study after excluding two data points with VGP latitude lower than 45
• N. The mean VGP of (87.2 • N, 323.6
• E) with α 95 = 1.9
• indicates the presence of a significant amount of farsided effect although small. ASD around the north pole calculated from the 238 Japan data for the Brunhes Chron is 16.6
• with lower and upper 95 per cent confidence limits of 15.6
• and 17.7
• , respectively, where mean within site dispersion and mean sample number are 10.0
• and 6.5, respectively. ASD from this study was calculated Age (Ka) Matuyama Brunhes Figure 7 . Virtual axial dipole moment versus age for the Brunhes chron. Palaeointensities retrieved from Pint03 database are shown in small grey circles and the three data in this study are shown in large white circles. The retrieved palaeointensities are from either Thellier method with pTRM test or Shaw methods with double heating methodology. Small black squares and grey error bars are the means and standard deviations, respectively, averaged for every 25 kyr for the last 100 kyr and for every 50 kyr for 100-800 Ka. The relative palaeointensity record of Sint-800 is also shown in dotted line.
around the mean because of large deviation of the mean VGP from the north pole. The obtained ASD is 14.3
• with lower and upper 95 per cent confidence limits of 11.8
• and 18.0 • , respectively, where mean within site dispersion and mean sample number are 7.3
• and 8.6, respectively. This value is obviously too small compared to the Japan data set for the Brunhes Chron although the 95 per cent confidence interval is too large to conclude this.
An ASD for the latitudinal band of 30-40
• in the last 5 Myr was calculated from PSVRL97 database by McElhinny & McFadden (1997) . With the constraints of a maximum α 95 = 20
• and a minimum number of samples = 2, an ASD of 18.1
• was obtained for the cut off angle of 45
• . When the variable cut off angle of Vandamme (1994) is used, the final value of ASD was 16.5
• with a cut off angle of 35.8
• . The ASD obtained in this study (14.3 • ) is smaller than any of these estimations. This fact indicates that the lava number of 23 in this study was not large enough to obtain a representative ASD value from a single site location of the Ontake Volcano.
The three site mean palaeointensities obtained in this study seem to be consistent with the worldwide trend in the Brunhes chron as shown in Fig. 7 , where virtual axial dipole moment (VADM) is plotted against age. In the figure, palaeointensities retrieved from Pint03 database (Perrin & Schnepp 2004) are shown in small grey circles and the three data in this study are shown in large white circles. The palaeointensities taken from the database are basically from the Thellier method with pTRM test (so called T+ data), but exceptions were given to those from the method of Shaw (1974) with double heating methodology introduced by Tsunakawa & Shaw (1994) . The retrieved data include only those with radiometric age or well confined estimated age such as those in lava successions. The criteria for adopting the data are, (1) the minimum number of samples per flow is 2 and (2) the maximum standard deviation of the flow mean palaeointensity is 25 per cent. The retrieved data also include nine new data published since 2003 (Tauxe et al. 2004a,b; Yamamoto & Tsunakawa 2005) . Fig. 7 also include the means and standard deviations of the retrieved data averaged for every 25 kyr for the last 100 kyr and for every 50 kyr for 100-800 Ka, which are shown in small black squares and grey error bars, respectively, connected by solid lines. This curve was compared with the relative palaeointensity record of Sint-800 (Guyodo & Valet 1999) which is shown in a dotted line. Except for the last 0.1 Myr, it is probably too early to seek time variations of the order of 10 4 yr in the volcanic palaeointensity data set to compare with those clearly observed in the relative palaeointensities from sediments. Nevertheless, for the longer variation of the order of 10 5 yr, it is recognized from Fig. 7 that there were possible maxima of the global palaeointensity around 0.7 and 0.35 Ma with following gradual decrease. A similar trend was reported by Yamazaki et al. (1995) in their relative palaeointensity records from Pacific Ocean for the Brunhes Chron. Tauxe & Love (2003) analyzed palaeointensity data in the Brunhes Chron with at least three specimens per flow and a standard deviation of less than 15 per cent. They concluded that the palaeointensity for the late Brunhes (0-0.4 Ma) was as high as the presentday geomagnetic field while in the early Brunhes (0.4-0.78) the palaeointensity was low with the same level of the last 5 Myr average of Juarez & Tauxe (2000) . This conclusion seems to be true for the retrieved data shown in Fig. 7 in spite of the fact that different criteria for retrieval was adopted in this study, and three data points from this study and the nine new data sets since 2003 were added to the database. Considering the large number of data biased to the last 0.1 Ma, the mean and standard deviation was calculated for three periods of 0-0.1, 0.1-0.4 and 0.4-0.8 Ma. Mean and standard deviations are, in 10 22 A m 2 unit, 7.7 ± 3.0 (N = 295), 8.7 ± 2.7 (N = 156) and 6.8 ± 2.2 (N = 81), respectively, and the histograms for each period are shown in Fig. 8 . Student's t-test for different means indicates that there is a significant difference of the means between the latter two, with a probability of significance level of 1.5 × 10 −7 . Kolmogorov-Smirnov test of different distributions were also made to these three data sets following Press et al. (1992) . Cumulative distribution of the three data sets are compared in Fig. 9 . The probability of significance level for the null hypothesis of the same distribution are very small, 5.6 × 10 −10 -2.6 × 10 −4 , for any combination of the data sets. Hence, the early Brunhes is indeed characterized by low palaeointensity while the palaeointensity for 0.1-0.4 Ma was at the same level or even higher than the present-day value.
C O N C L U S I O N S
Study of palaeodirections from the Older Ontake Volcano gave an ASD of 14.3 • (N = 23) for the palaeosecular variation in the lower half of the Brunhes Chron. Although the ASD is too small as a representative value for the site latitude of 36
• N, the data contribute to the Brunhes data set from Japan comprising total of 238 data excluding two excursions, which indicate possible small amount of far sidedness of the mean VGP. Three site mean palaeointensities were obtained for the lower half of the Brunhes Chron which conform well with the worldwide trend of the global palaeointensity during the Brunhes Chron in which possible maxima with following gradual decrease at around 0.35 and 0.7 Ma are recognized.
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A P P E N D I X A : S P E C I M E N R E S U LT S
OT48 ( Note: T 1 , T 2 , lower and upper temperatures for the linear segment; n, number of data point included in the linear regression; r, correlation coefficient of the linear segment; b, slope of the segment; σ b , standard error of b; α, dev, difference angle and deviation of the selected NRM component from the origin on the orthogonal plot; f , g, q, quality parameters after Coe et al. (1978) ; F L , laboratory field strength; F, F, palaeointensity and its standard error. * The experiment included AFD with 20 mT for all steps.
